Gas-phase acidities of polyfluorinated hydrocarbons have been determined by measuring proton-transfer equilibria and by computing the free energies of deprotonated carbanions and the corresponding neutrals. An excellent linear relationship between acidities and the accumulated inductive effects of fluorine atoms contained in a molecule was observed for the perfluoroalkyl-substituted neopentanes, (R f 1 )(R f 2 )(R f 3 )CCH 3 , and polyfluorinated bridgehead carbon acids where the contribution of negative hyperconjugation of the C β -F bond to the stability of the conjugate anions is absent or negligibly small. On the basis of this relationship, the extent of β-fluorine negative hyperconjugation involved in acidities of polyfluorinated hydrocarbons could be evaluated quantitatively. The negative hyperconjugation was found to be negligibly small in the stable tertiary polyfluorinated carbanions while in the less stable primary and secondary carbanions the contribution of this effect is present certainly, indicating that the negative fluorine hyperconjugation is complementary to the stabilization by the accumulated inductive effect of fluorine atoms. The extent of negative hyperconjugation was found to increase in order of CF 3 CH 2 -< C 2 F 5 CH 2 -≈ C 3 F 7 CH 2 -< i-C 3 F 7 CH 2 -, being qualitatively consistent with the elongation of the C β -F bond by deprotonation.
Introduction
Polyfluorinated compounds have received continuous attention in a wide field of fundamental and applied sciences such as synthetic chemistry 1, 2 and material science 3, 4 over a half century. Introduction of fluorine in hydrocarbons can impart interesting changes in physical and chemical properties. [5] [6] [7] [8] [9] These changes are caused by the complicated interplay of different properties of fluorine (i.e., electronegativity, inductive/field, resonance, hyperconjugation, p-π or p-p repulsion). 10 α-Fluorine to a carbanion site is known to destabilize the site over that of hydrogen itself, and this effect was considered to result from a p-p lone pair repulsion between the anionic center and fluorine atom. [11] [12] [13] On the contrary, β-fluorine to a carbanion site can stabilize the negative charge. Polyfluorination or introduction of fluorinated substituents is now an established approach to design very acidic molecules. [14] [15] [16] [17] [18] In particular, the acidifying effect of β-fluorine termed "fluorine negative hyperconjugation" has been studied extensively. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] This concept was introduced in 1950 to explain the strong electron-withdrawing ability of the trifluoromethyl group. 19 Theoretical studies revealed that the increase in acidity of fluorinated hydrocarbons is mainly due to the stabilization of the carbanion lone pair by the ability of the C β -F bond to delocalize the electron density of the carbanion lone pair to its energetically low-lying antibonding σ*-orbital. [29] [30] [31] [32] [33] An important piece of experimental evidence for this hypothesis was provided by Koppel and co-workers. antibonding σ* orbital of a C β -F bond while there is no such restriction in the conjugate anion of (CF 3 ) 3 CH. This conclusion was based on the assumption that the contribution of inductive/field effect of the polyfluoroalkyl group is identical in the stability of both conjugate anions. However, there is no evidence for this assumption. Thus, most controversies about mechanisms for carbanion stabilization by fluorine or the polyfluorinated alkyl group are still qualitative. Therefore, it is important to understand quantitatively the effects of fluorine on the stability of a carbanion in order to design polyfluorinated hydrocarbons that are the most appropriate for a particular purpose. In this study, we determined experimentally and computationally gas-phase acidities which cover a wide variety of polyfluorinated hydrocarbons in structure, i.e., acyclic and cyclic hydrocarbons, unsaturated hydrocarbons, and the effects of fluorine atoms and polyfluorinated alkyl groups on acidity were analyzed with the aid of theoretical calculations.
Results
Gas-phase acidity. The gas-phase acidity (GA) values of polyfluorinated carbon acids were determined from Gibbs' free energy changes for the proton-transfer equilibrium between a carbon acid (AH) of interest and an appropriate reference conjugate anion (A o -) of which acidity is known.
In Table 1 are summarized the GA values of a variety of polyfluorinated hydrocarbons determined in this study along with some related compounds available in the literature.
For several fluorinated carbon acids having more than one acidic hydrogen atom, the deprotonation site was assigned on the basis of theoretical calculations (Table S1 ). The most acidic hydrogen is notated in italic in [ Tables 1 and 2] Theoretical calculations. Neutral and deprotonated polyfluorinated hydrocarbons were optimized at the B3LYP/6-311+G(d,p) and MP2/6-311+G(d,p) levels of theory. Gas phase acidities were obtained from the Gibbs' free energy changes for reaction (2) .
These results are listed in Table 1 (also Tables S1 and S2 ). 
These correlations indicate that the MP2 calculations seem to provide more accurate results than the B3LYP for describing acidities of polyfluorinated hydrocarbons.
Therefore, the calculations at this level of theory were conducted for some fluorinated alkanes for which experimental values are unavailable at the present stage. The results are given in Table 2 .
There are also some differences in geometry between the two methods, e.g.,
in the conjugate anion of 1 (1a, a notates anion) the calculated bond lengths of C β -F anti-periplanar to the carbanion lone pair are 1.473 Å and 1.545 Å at the MP2 and B3LYP, respectively, while the corresponding values of the remaining two C β -F bonds are close to each other, 1.381 Å and 1.385 Å. The bond lengths of C α -C β bonds are also different between the two methods, 1.418 Å and 1.398 Å at the MP2 and B3LYP, respectively. Similar differences were observed for other fluorinated hydrocarbons (Tables S3 and S4 ). Since there is no experimental information on the geometries of these carbanions, we cannot judge which method provides a more realistic structure.
The success of theoretical methods in describing the energetics of the deprotonation process must depend on their ability to describe properly structural properties of the neutral acid and the carbanion formed after deprotonation. Since the agreement between experimental and theoretical acidity values is better in the MP2 method as noted above, we adopt geometries optimized at the MP2 throughout this paper. Some selected bond lengths are given in Fig. 1 .
Discussion
Effects of perfluoroalkyl group on the gas-phase acidity. It was found that CF 3 the CF 3 group on the acidity is reduced compared to the first substitution. Such nonadditive effects of the second and third substitution on the gas-phase acidity were generally observed for multi-substituted methane derivatives, X n CH 4-n (n = 1 -3). 34 Acid-strengthening effect of substituent depends on its ability to stabilize negative charge at the deprotonated site. In carbanions possessing a fluorine atom at the β-position of the anion center, the interaction of the formal center of negative charge with the neighboring C β -F bonds was considered to stabilize negative charge, the so-called negative hyperconjugation. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] In terms of molecular orbital theory, the effect was attributed to orbital interactions of the formal lone pair at the carbanionic center with the σ*(C β -F) orbitals of proper orientation. [29] [30] [31] [32] [33] According to this concept, the maximum contribution of the stabilizing effect exists when the C β -F bond is oriented anti-periplanar to the formal lone pair at the anionic carbon. The C β -F bond should be elongated as compared to the other C β -F bonds with different orientation, and the C α -C β bond adjacent to the anionic center carbon should be shortened, resulting in an increase of planarity at the anionic center. Indeed, closer examination of the optimized structures of carbanions 1a, 2a, and 3a shows that this effect seems to be present in these systems ( Figure 1 ). In the structure of 1a a single C β -F bond is oriented anti-periplanar to the formal carbanion lone pair, leading to a large elongation of this C β -F bond (1.473 Å) as compared to the other two C β -F bonds in the CF 3 group (1.381 Å). The formal anionic center is somewhat pyramidal, i.e., a sum of angles around the anionic center carbon is 339 o . For carbanion 2a two stable conformers of which difference in stability is only 0.2 kcal mol -1 were observed. In more stable conformer 2a-1, the longest C β -F bond of each trifluromethyl group is in parallel with that of the other one and in the same direction.
The anionic center is slightly pyramidal (sum of angles around the anion center carbon = 346.1 o ). The C β -F bond is elongated by 0.078 Å compared with the neutral molecules.
In the other conformer 2a-2, the longest C β -F bonds of two trifluromethyl group are also in parallel with each other but in the opposite direction. In this conformation, when one of the C β -F bonds stabilizes the negative charge through the fluorine negative hyperconjugation, the other C β -F bond has no hyperconjugative interaction with the negative charge. However, the anionic center is planar and the elongation of 0.070 Å by deprotonation as well as the bond length is identical for both C β -F bonds. This may be Accordingly, the extent of elongation of C β -F bond by deprotonation may be a more suitable measure to describe the degree of β-fluorine negative hyperconjugation. Based on this criterion, the negative hyperconjugation decreases in order of 1a > 2a > 3a ≥ 4a. This leads us to the conclusion that in the less stable carbanion the contribution of β-fluorine negative hyperconjugation is more significant and vice versa. Indeed, recent theoretical calculations at the MP2/6-31+G(d) for a highly unstable artificial carbanion, FCH 2 CH 2 -, revealed that there was not a minimum on the potential energy surface and that complete transfer of negative charge to fluorine led to rupture of the C-F bond and formation of hydrogen bonded F -ethylene complex during geometry optimization. 31 We also optimized this anion at the MP2/6-311+G(d,p) level of theory. The carbanion (a-1)
was found to be a local minimum, and the optimization of another conformer (a-2) led to ethylene associated with fluoride anion which is 40 kcal mol -1 more stable than a-1 (Scheme 1). in which fluorine atom is oriented anti-periplanar to the carbanion lone pair led to formation of the corresponding difluoroethylene associated with fluoride anion as a thermodynamically more stable species by ca. 10 kcal molhydrogen of the F 2 CH moiety is oriented anti-periplanar to the carbanion lone pair (Scheme 1). These theoretical calculations support strongly that the degree of fluorine negative hyperconjugation depends on instability of a carbanion and on the orientation of the C β -F bond with respect to a carbanion lone pair orbital.
An important result in this study is that 1H-perfluoroadamantane (7) (6) . The fact that the acidities of 5 and 6 are weaker than 3 was used as evidence for the presence of the negative hyperconjugation of C β -F bond in 3a. 15 However, the bridgehead hydrogen acidity of 319.6 kcal mol -1 observed for 7 is even stronger than that of 3. The optimized structure of 7a indicates that the C β -F bonds as well as those in 5a and 6a cannot be oriented anti-periplanar to the carbanion lone pair. In addition, the elongation of the C β -F bond and shortening of the C α -C β bond by deprotonation are also small similar to those in 5a and 6a. These facts suggest that the major cause of the high acidity of 7 is not β-fluorine negative hyperconjugation. 42 The number of β-fluorine atoms is six in 7a fewer than that in 3a
and instead there are three γ-and six δ-fluorine atoms in the former. In addition,
(i-C 3 F 7 ) 2 (C 2 F 5 )CH (4) which contains four β-and fifteen γ-fluorine atoms was found to be the strongest polyfluorinated hydrocarbon acid reported so far. In 4a orientation of C β -F bonds suggest no stabilization of negative charge through fluorine negative hyperconjugation mechanism. These results indicate clearly that the acidity of polyfluorinated hydrocarbon is strongly influenced by inductive/field effects of fluorine atoms rather than β-fluorine negative hyperconjugation. The degree of elongation of the C β -F bond and shortening of the C α -C β bond in 3a are similar to those for 4a, 5a, 6a, and 7a, suggesting that the fluorine negative hyperconjugation in 3a is also negligibly small even though it is present. On the other hand, in C 2 F 5 CH 2 -(25a), C 3 F 7 CH 2 -(26a),
and i-C 3 F 7 CH 2 -(27a) the C β -F bonds oriented anti-periplanar to a lone pair orbital are remarkably elongated by 0.453 Å, 0.513 Å, and 0.619 Å, respectively, by deprotonation.
This suggests that when the C β atom connects with a strong electron-withdrawing group the ability of negative hyperconjugation of the C β -F bond is enhanced. This may be due to a lower lying σ* orbital of the C β -F bond. Acidities of these three carbon acids stronger than 1 by 8.7, 11.9, and 23.4 kcal mol -1 for 25, 26, and 27, respectively, would result from the enhanced hyperconjugation.
It should be noted that cis-cyclo-C 4 H 2 F 6 (9) is a stronger acid by 1.5 kcal mol -1 than trans-cyclo-C 4 H 2 F 6 (8) . This difference in acidity between 8 and 9 arises from the difference in stability between the corresponding neutrals because both neutrals form an identical carbanion by deprotonation. In this conjugate carbanion, a C β -F bond at the C2 position is elongated significantly to 1.502 Å and two C β -F bonds at C4 are also elongated to 1.425 Å and 1.416 Å. The C1C2 and C1C4 bonds are shortened and the cyclobutane ring is almost planar while their neutrals have a twisted conformation. These geometric features suggest that the formal negative charge at C1 in the conjugate anion is delocalized over these three carbons. Table 1 shows another interesting result that 13 is 1.1 kcal mol -1 more acidic than 12. In 12a the C-F bond of the CF 3 group is oriented anti-periplanar to a lone pair orbital while in 13a the terminal C-F bond of the vinyl group is oriented anti-periplanar to a lone pair orbital, and the degree of elongation of the C-F bond is larger in 13a than that in 12a, atoms) between a formal anionic center and fluorine [43] [44] [45] [46] [47] and on the number of fluorine atoms contained in the polyfluorinated hydrocarbon, we propose that the acidities of two fluoroalkane families noted above may be described in terms of equation (4) as a simple approximation.
where GA is the gas-phase acidity, N (β ) , N (γ) , and N (δ) are numbers of fluorine atoms at β, γ, and δ position of the formal negative charge center, respectively. We term the sum in the parentheses of eq 5 as the corrected number of fluorine atoms in the R f moiety.
Because the increase of the inductive effect in this equation implicitly accounts also for the increase of R f group polarizability with the increase of R f size. An application of equation (5) to the bridgehead carbon acids and the neopetane series including ethane as an origin (no fluorine) gave equation (6) with the attenuation factor by intervening a methylene group between a reaction center and the substituent observed in many cases. [43] [44] [45] A factor of 0.30 for δ-F seems to be somewhat large. This may be attributed to the polarizability effect which is automatically included in eq 5 because polyfluorinated hydrocarbons having the δ-F atoms would have an important polarizability effect due to a large carbon skeleton. (i-C 3 F 7 ) 2 CH -. This is qualitatively consistent with the elongation of the C β -F bond (Table 3) .
[ Table 3 ]
It should be noted that 3, 4, 31, and 32 (gray circles in Fig. 2 ) conform the line within the allowable margin of correlation error (2 -3 kcal mol -1 ), indicating that the fluorine negative hyperconjugation in these stable carbanions is negligibly small. This is completely consistent with their geometric features mentioned above, i.e., feasible elongation of the C β -F by deprotonation. It is concluded that the contribution of negative hyperconjugation is complementary to other stabilizing factors such as accumulated inductive effect of fluorine atoms contained in the R f moiety.
Effects of α-fluorine on the acidity of carbon acids. [ Table 4 ]
The effect of a single α-fluorine changes significantly from -9. C β -F bond and a shorter C α -C β bond than those for the parent α-H-substituted carbanion were observed, suggesting importance of the β-fluorine negative hyperconjugation in these three carbanions. Thus, there are apparent differences between the former two carbanions and latter three. α-Fluorine substitution would cause the abstraction of an electron at the formal anionic center to a fluorine atom, p-p repulsion, and a change in C β -F negative hyperconjugation. Effective electronegativity of the anion center carbon atom may become larger when an electron-withdrawing group is bonded to the carbon, and this would result in reduction of p-p repulsion. As mentioned above, when an electron-withdrawing group is bonded to the β-carbon, C β -F negative hyperconjugation is enhanced. This is also the case for α-fluorine substitution. That is, the α-fluorine substitution enhances the C β -F negative hyperconjugation. As a result of these changes, in 40a -42a the fluorine negative hyperconjugation becomes more significant than that in the corresponding α-H-substituted carbanions.
In the secondary polyfluorinated hydrocarbon acids, 17 and 43, the elongation of C α -F bonds and decrease of planarity at the anionic center by α-fluorine substitution were observed, indicating again importance of the p-p repulsive interaction. In addition, a shorter C β -F bond and a longer C α -C β bond than those for the parent α-hydrogen-substituted carbanion were observed though these changes are small, indicating that α-fluorine substitution does not cause any change in the fluorine negative hyperconjugation. As a result of these factors, the effects of α-fluorine substitution in 17 and 43 result in a small acidifying and/or weakening of acidity. On the contrary, in (i-C 3 F 7 ) 2 CHF (44) elongation of C β -F bond and shortening of C α -C β bond by deprotonation were again observed while neither elongation of C α -F bond nor change in planarity of the central carbon by α-fluorine substitution was observed, revealing clearly the predominance of the fluorine negative hyperconjugation in 44a.
This suggests further that the β-fluorine negative hyperconjugation is enhanced by α-fluorine substitution. This is consistent with the observation mentioned above that the ability of negative hyperconjugation of the C β -F bond is enhanced when the C β connects with a strong electron-withdrawing group.
In conclusion, the effects of α-fluorine on acidity of the polyfluorinated hydrocarbons are quite complicated depending on their molecular structures. Such varying effects of α-fluorine would be caused by a subtle balance of effective electronegativity of an anionic center carbon, a varying p-p lone pair repulsion depending on the net negative charge at the formal charge center carbon, and the change in β-F negative hyperconjugation caused by α-fluorine substitution. Further studies are clearly necessary to understand quantitatively effects of α-fluorine on the acidity.
Conclusion
An excellent linear relationship between acidities and accumulated inductive effects of the fluorine atoms contained in the polyfluorinated alkanes was observed for the perfluoroalkyl-substituted neopentane system, (R f 1 )(R f 2 )(R f 3 )CCH 3 , and bridgehead carbon acids where the contribution of negative hyperconjugation of the C β -F bond is absent or negligibly small. This relationship could lead to quantitative estimation of β-F negative hyperconjugation involved in the acidity of polyfluorinated hydrocabons. The negative hyperconjugation was found to be negligibly small in the stable tertiary polyfluorinated carbanion such as 3a, 4a, 31a, and 32a while in the less stable primary and secondary carbanions, R f CH 2 -and (R f ) 2 CH -, this effect is present certainly, indicating that the negative hyperconjugation is complementary to the stabilization by accumulated inductive effect of fluorine atoms. The extent of negative hyperconjugation was found to be also influenced by the substituent at the C β carbon, e.g., the effect
with the elongation of the C β -F bond.
The effect of α-fluorine was found to change complicatedly with the carbanion, e.g., the introduction of α-fluorine to CF 3 CH 3 strengthens acidity, no effect in (CF 3 ) 2 CH 2 , and in (i-C 3 F 7 ) 2 CH 2 strengthens again acidity. Such varying effect of α-fluorine substitution in the polyfluorinated hydrocarbons would be caused by a subtle balance of effective electronegativity effect of an anionic center carbon, a varying p-p lone pair repulsion depending on the net negative charge at the formal charge center, and the change in β-F negative hyperconjugation caused by α-F substitution.
Experimental
Chemicals. All materials otherwise noted were used as purchased without further purification with an average uncertainty of ±0.2 kcal mol -1 in most cases. Ion-eject experiments were also carried out to ensure that proton-transfer reactions occurred. The gas-phase acidity values for the reference compounds were taken from the literature. 35 All measurements were carried out at 303 -313 K. The free energy of each proton transfer equilibrium and the selected acidity values are listed in Table 5 .
[ Table 5 ]
Calculations. DFT and MP2 calculations were carried out using the Gaussian 09
program. 55 The geometries were fully optimized at the B3LYP/6-311+G(d,p) and MP2/6-311+G(d,p) levels of theory. Vibrational normal mode analyses were performed at the same level to ensure that each optimized structure was a true minimum on the potential energy surface and to obtain thermodynamic quantities. The ORCA Ver. 2.9 56 was used for the calculations of 4 at the MP2/def2-TZVPP level of theory. e Relative to the corresponding α-H carbanion. 
